iii Laser power is always at a premium and a diffraction limited optical beam delivers the maximum intensity on target. Therefore, the better the beam quality, the lower the system cost and complexity is reduced considerably by using high quality beams. Single mode optical fiber lasers and amplifiers produce near diffraction limited beams and therefore will result in near diffraction limited optical beams thus they will provide the highest intensities at the lowest laser powers. In the case of pulsed fiber lasers the factors that limit the output power are the fiber nonlinear effects and surface damage on the exit aperture. The nonlinear optical effects include Stimulated Brillouin Scattering (SBS), Stimulated Raman Scattering (SRS), self-phase modulation (SPM) and four-wave mixing (FWM) depending upon the application. The lowest threshold nonlinear process for long pulse duration is SBS. Whereas, for pulse durations of less than 1-ns SBS can be neglected, for these short pulse duration FWM, SPM and SRS are the effects that contribute to spectral broadening of the fiber laser system and may limit certain applications that require narrow linewidths. The output power limitation for a single mode pulsed fiber laser appears to be ~ 4-MW which is consistent with the 6-MW selffocusing limit observed in high quality bulk silica. The surface damage on the exit aperture can be eliminated by allowing free expansion in an "end cap" before the beam exits into free space.
Pulsed Amplifier Characterization Techniques
The experimental procedures necessary to reliably characterize a pulsed fiber amplifier were invested and developed. The measurements required are: 1) output power, 2) pulse Energy, 3) center wavelength, 4) spectral width of output, 5) beam quality (M 2 ), 6) temporal pulse width.
A great deal of the time was devoted to understanding the measurement and pitfalls of using M 2 to characterize the beam quality. During this quarter various techniques for making M 2 measurements were explored and an experiment to measure the beam quality of a fiber amplifier was designed. A mathematical model was developed to model the cw performance of the pulsed amplifier that was being designed. Several variations in the design were examined.
Measurements of power, pulse energy, center wavelength, spectral width, and pulse width are significantly easier than beam quality. However, reliable characterization of a pulsed amplifier's performance still requires care in the design of the measurements. For example, most optical power meters measure either pulsed energy at low repetition rate and average powers when the repetition frequency is increased. Since the pulsed amplifiers of interest are pumped by a continuous wave diode laser, it is necessary to operate the fiber amplifier at repetition rates of many kilohertz to prevent optical damage in the fiber amplifier.
Therefore some effort was expended to identify a fast pyroelectric joule meter that can be used to measure the energy in an individual pulse. Then an average power measuring device can measure the average power. It is necessary to measure the energy per pulse and the pulse repetition frequency to determine the average power in the pulses. By independently measuring the average power directly and then subtracting the energy per pulse time the repetition frequency from the measured average power, the amount of amplified spontaneous emission can be determined. A good amplifier will have very low amplified spontaneous emission. These two devices can be implemented easily to give accurate results. Similarly, an optical spectrum analyzer can be used to give the center wavelength and spectral width of the output. These instruments have been used for test measurements.
Development of Fiber Processing Skills and Techniques
As part of this research effort Mr. Robin, the UNM graduate student, was developing the necessary fiber processing skills that are required for constructing and repairing fiber amplifiers. The main processes are as follows: 1) fiber fusion splicing, 2) fiber polishing, 3) adding connectors to optical fibers , and 4) fiber cleaving. Fiber cleaving is the process by which a glass optical fiber is cut such that a flat end surface is produced. Fiber fusion splicing is the process by which two fiber optic waveguides are precisely fused together. Two fiber ends are prepared by cleaving, which gives a clean flat surface for splicing. The two ends are then heated to the melting point of glass and pushed together. Fiber connectorizing is the process by which a fiber optic is held in a hardware connector. The connectors allow for easy implementation into optics bench experiments. After the fiber is placed in a connector it must be polished. In general, the input and output of a fiber optic must have a pristine surface for input and output of light. This is done with a spinning polishing disk. The connecter is generally polished at an 8 degree angle to reduce reflections from the glass air interface; these allow higher gains to be achieved in the amplifier then are possible with flat uncoated fiber ends. The angle polishing of the glass to air interface reduces the optical feedback into the amplifier.
The output power from pulsed fiber amplifiers is often limited by optical surface damage at the air-glass interface. Endcapping is a technique that is used to increase the area of the output beam when it exits the glass. Endcapping is splicing a glass rod on the end of your amplifier output to allow the beam to propagate in glass outside a waveguide and expand. The power output of current fiber amplifiers requires that such endcapping techniques be employed. As the beam expands in the endcap the power per unit area decreases. Once this value is below the damage threshold of the air glass interface it can exit the fiber safely.
The construction of a pulsed amplifier based upon the modeling done in the previous quarter has begun. My amplifier will use ytterbium doped double clad fiber. The ytterbium is the gain material. It is pumped with a 976 nm diode, and produces stimulated emission at 1064 nm. A double clad fiber is a special design that allows the signal light to be guided in a ytterbium doped inner waveguide an the pump light guided in a non doped outer waveguide. The inner and outer waveguides are concentric. The nature of the outer waveguide requires that the guided 976nm light overlaps the doped inter waveguide, inverting the ytterbium ions. These fibers are defined by the size of the inner and outer waveguides. For example, the fiber used is 20/400, which is a 20 μm doped core and a 400 μm pump waveguide.
Currently there are two working fiber amplifiers. No testing has been done other than to measure output power. One amplifier has a maximum power output of 2.37 Watts and the other 5.77 W. The input pump power is in excess of 10 W. The second amplifier seems to have a reasonable output power. The first amplifier, however, is very low with respect to the amount of pump power.
This issue is related to the fusion splice between a "tapered fiber bundle" and the gain fiber. The "tapered fiber bundle" is a device which allows pump light to be injected into the cladding of the gain fiber, thus negating the need for free space optics coupling. A fiber coupled pump diode is fused to one leg of the "tapered fiber bundle" and then spliced to the gain fiber. This splice is lossy and does not allow some the signal light beyond the splice intersection.
The characterization of the pulsed fiber amplifier delivered to AFRL by a Fibertek began during this quarter. The chance to see how other people in the field build and test fiber amplifiers is good experience. The investigator, Mr. Craig Robin, learned a great deal about the details behind setting up an amplifier. For example, launching power into a fiber, or maximizing power output of an optical isolator.
Characterization of the Fibertek sub-ns Fiber Amplifier
Characterization of the pulsed amplifier delivered by a contractor was performed by us. Mr. Robin employed the experimental procedures developed for this characterization. Unfortunately, the amplifier broke while I was conducting measurements. The break occurred in one of the fibers in the amplifier. He was able to repair the damage with the fiber processing skills he acquired thus far.
The characterization of the amplifier has continued. The delivered fiber amplifier was unreliable and broke a number of times during the characterization process. In the process of repairing the contractor's amplifier we learned a great deal about amplifier optimization and reliable design. For example, we learned that multiple modes will propagate down the fiber used in the delivered amplifier if the light is not properly launched into the fiber or if the fiber is mechanically disturbed even slightly. A single mode fiber waveguide provides the best possible beam quality and allows for an output beam of Gaussian intensity profile. The conditions of launched signal light can greatly effect the operation of an amplifier. If the light is launched into the fiber poorly, multiple modes may propagate and energy extraction from the amplifier may be limited. None of these problems were emphasized by the contractor that delivered the pulsed fiber amplifier.
The amplifier was specified to have a less than 1-ns pulse duration with a spectral width of less than 30-GHz, a pulse energy of 1-mj, a repetition frequency of 10-kHz, and an M 2 of less than 1.1. The amplifier had a 0.75-ns pulse duration, a 1.2-mj pulse energy, a 26-GHz linewidth, and a 12-kHz repetition frequency. The experimental procedure for beam quality measurement was developed, but it is necessary to reject the residual pump light exiting the pump cladding of the dual core fiber. Specifically, the M 2 measurement requires that second moment of the beam intensity be measured. The second moment is an intensity weighted distance from the centroid of the beam. The second moment of a double clad fiber output is complicated by the fact that some light propagates in the outer cladding. The measurement is only concerned with the light in the core and it is impossible to distinguish between light originating in the core and light propagating in the cladding. This was overcome by collimating the signal beam and moving the Beam Master instrument approximately 4 feet from the laser output so that the intensity of the residual pump light was reduced to a negligible level compared to the signal intensity. The best beam quality measure produced an M 2 = 1.3.
Another idea related the pulsed amplifier work has been discussed. In general, we need a way to combine multiple amplifier outputs while maintaining good beam quality. Beam quality could be compromised during beam combination by coherent addition of the amplifier outputs. Thus an incoherent beam combination technique has been introduced.
Mr. Robin has completed the characterization of the delivered fiber amplifier, including beam quality. The culmination of all that I have learned about fiber amplifiers was used to basically re-build and test the delivered amplifier.
Incoherent Beam Combination
Mr. Robin has turned his attention to the incoherent beam combination technique proposed by Dr. Shay. Dr. Shay has developed a model to describe the idea. In general, the technique requires the interfering fields be phase modulated. Mr. Robin generated a model using a separate premise which predicts certain behavior that is advantageous for incoherent beam combination. Both models predict the identical effects concerning the incoherent beam combination technique. The model equations were developed by hand, to gain considerable insight into the physics of this technique. This has lead to a general understanding of multiple beam interference and how a phase modulation would affect that interference. With the model results in hand we designed initial experiments. The phase modulation and beam splitting were implemented in optical fibers. To check the incoherence of an individual pulse a grated camera with a gated window as short as several microseconds was used to test the concept.
A camera has been procured for the incoherent beam combination, and the remaining equipment necessary for the experiment was assembled. A fiber splitter was fused into the system to split the output from a single pulsed DBR laser into two fiber legs. The splitter takes a single fiber input and splits it into four outputs. The splitter is made out of three 2x2 3dB power splitters. After a couple attempts the splices appear to be consistent and the splitter demonstrates nearly equal power output from all legs.
An anamorphic prism pair was used to efficiently couple the elliptical Gaussian beam from the DBR laser into a single mode fiber.
The experimental effort on this contract halted on Feb. 24, 2006 when the graduate student, Mr. Craig Robin, was hired by AFRL as a civilian government employee.
Purchase of the Two Deliverable Hardware Items
Two EO Space Model SP-1x8-PH-VA-PFU-PFU-106-S, Lithium Niobate 1x8 Polarization Maintaining Splitter with Integrated Phase and Amplitude controls were ordered and received. These items are contract deliverable items and are being delivered to AFRL as required in the contract.
Conclusions: Significant Accomplishments of this Research
In this research effort, we developed techniques for characterizing the performance of state-of the art pulsed fiber lasers that demonstrated world record performance. A number of fiber processing techniques needed to build MW peak power fiber lasers were developed as well as pulsed fiber design skills. Additional modeling of a novel incoherent beam combination method was performed and the first demonstration experiment was designed. Techniques for the control of spatial coherence remain unchanged over the past 40 years, and work well for specific applications, such as imaging, when the detector system is allowed to have a very small bandwidth. The bandwidth limitation is a product of the mechanically moving diffuser required in spatial coherence control techniques.
Speckle and scintillation may also be mitigated in part through the control of the temporal coherence of the laser source. In general this is done by time averaging the speckle patterns produced by multiple wavelengths of light. This can be thought of as using multiple lasers in signal transfer, or using a single laser with a large spectral bandwidth. George and Jain derived an expression for the wavelength spacing required to decouple the speckle patterns arising from two monochromatic tones in an imaging system. [4] They also demonstrated a reduction in speckle due to the averaged speckle patterns from six monochromatic lines emitted from a carbon arc lamp. The plurality of frequencies contained in the source is exploited to give rise to coherent combinations, which change so fast over the spatial extent on the beam, that the detection system time averages the signal making it seem incoherent.
Later, Dingel and Kawata provide feedback into a single mode diode laser which causes multimode operation. [5] The effect of multiple longitudinal modes reduces the coherence length of the illuminating laser. The output of the laser diode is then passed through a multimode fiber whose exit face illuminates a conventional microscope with a continuously changing speckle pattern. These uncorrelated speckle patterns are averaged by a video detector to reduce speckle noise. Figure 2 below shows the experimental setup.
Temporal coherence control techniques do not suffer from the bandwidth limitations found in spatial control of coherence, however the applications are still limited. The effective mechanism in all temporal control techniques is an increase in spectral bandwidth resulting in a decrease in coherence length. This is not a problem when the signal receiving system accepts a large bandwidth of light. A FSO system, for example, would require a source which is very narrow in frequency space, and a detector with a matching bandwidth with the intention of increasing signal to noise response. Issues with scintillation and speckle could not be mitigated for this application without a decrease in signal fidelity. Spatial averaging considers the size of individual speckles in a speckle pattern. In an imaging system these speckles may be washed out in their size is smaller that the system Figure 3 : The moving aperture method of reducing speckle the reconstructed image is re-imaged by a lens with a moving aperture inside the fixed pupil; it is understood that the fixed pupil matches the pupil of the reconstructed image plane hologram. Currently the most popular method of speckle reduction for FSO is aperture averaging.
Unlike an imaging system, a free space laser communications system only needs to capture the transmitted light. Scintillation produces an irradiance pattern is that is random in both space and time at the detector. An optical receiver with a very small aperture will produce a random signal.
If the aperture is larger than the spatial scale of the irradiance fluctuations, the receiver will average fluctuations over the aperture, and the signal fluctuations will be less than those from a point receiver. limited related to the speed at which the wavefront correction system can be adjusted. Also the method is slowed by the computer algorithm used to dissect each the aberrant wavefront.
[12]
The techniques described above generally effect the spatial or temporal coherence of the source or modify the method of detection. In general, the focus is on the transmitting or receiving part of the system. Anguita attempts to marry two technologies, one effecting the transmitter and the other effecting the detector, but the two are not correlated. Table 1 below summarizes these methods for speckle an scintillation reduction and includes AIM. The apparent incoherence method correlates the integration time of the detection system to a phase modulation put on the transmitter. The system described here uses a narrow linewidth source which is split into two legs. One leg is phase modulated at a frequency 1/τ where τ is the pulse duration, while the other is left un-modulated. The two legs are brought back together to interfere at the detector. When the phase modulation amplitude is selected to be at a zero of the Bessel function of the first kind of order zero and the product of the phase modulation frequency times the pulse duration are properly selected then the time averaged signal at the photodetector appears to be the result of incoherent combination. Beam break up due to wavefront distortions in transmission through the atmosphere will not be compensated for by AIM. Interference fringes of a single pulse will be swept across a detector at the focal plane of the receiving aperture leading to a time average intensity equivalent to that of incoherent illumination.
2.0 Theory

Apparent Coherence Factor with N Electric Fields
In general, the combination of N electric fields will produce a resultant field that is the sum of the individual fields. The instantaneous intensity of these combined fields is defined as,
where D i is the optical path length from the i th source to the observation point and E i (t)
represents the independent fields. The second term on the right hand side of Eq. 1 is the cross term between the different contributing fields gives rise to the interference that causes fringes. 
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where, μ o and ε o represent the magnetic and electric permeabilities of free space. Electronic photodetectors can not follow optical frequencies. Terms in Eq. 3 that oscillate at optical frequencies do not contribute to the measured signal and can be neglected. Therefore the signal detected is proportional to the terms below,
If the beat frequencies (ω i -ω j ) are much greater than the detector bandwidth, then the cosine frequency difference term time averages to zero, and the illumination appears incoherent.
However, if a single optical beam is divided into two or more optical paths and then recombined the following simplification can be made to Eq 4. We see from Eq 5, that the interference term depends only upon the phase differences between the different paths. The second term in the sum is the interference term that gives rise to the phase dependent intensity variations for coherent beams,
A coherent beam combination scheme would use a multiple output system, and nominally equal optical paths lengths in all legs. The desired effect is an output beam with spatial intensity characteristics which remain constant in time. Phase differences φ i -φ j will vary randomly in time due to changes in the environment. The physical path lengths must be matched and made stable by compensating for these environmental effects, for the measured spatial intensity pattern of the combined beams to remain constant. In general, any method of coherent beam combination requires a very complex and expensive system to dynamically compensate for random phase variations.
With no compensation, random phase variations due to environmental changes can be significant, even in a bench top experiment. Applications that require beam propagation through the atmosphere undergo considerable phase distortion, much of which is caused by scintillation.
As phase differences change in time so will spatial intensity patterns. Under these conditions, the intensity projected will be highly non-uniform and will vary from very bright to zero intensity. The solution introduced here is to independently phase modulate each leg, so that φ i and φ j are no longer constant in time and can be expressed at the observation point as,
where φ i0 is the time-independent initial phase offset term, β i is the modulation amplitude, ω RF-i is the frequency of the introduced phase modulation on the i th leg, and ξ RF-i is the initial phase of the phase modulation apparatus.
When φ i and φ j vary with time, interference fringes still exist, and the spatial intensity pattern is also a function of time. When the phase modulation of φ i and φ j is faster than the integration time of the detector being used or the pulse duration, whichever is shorter, then the fringes will move so quickly they will be averaged by the detector and produce a signal equivalent to incoherent combination , providing that the modulation is properly performed. This is the intuitive picture of incoherent beam combination due to phase modulation. Substituting Eq. 6
into Eq. 5,
Eq. 7 shows the instantaneous intensity, however, we are more interested in the time averaged intensity, as that is the signal produced by the detector. The calculation below shows the time averaged intensity where τ represents the integration time of the detector or the pulse duration.
( )
where T represents the time when the integration begins. The second term in the summation is the interference term which is zero for incoherent beam combination and gives rise to the spatial intensity variations in the illumination pattern.
Eq. 8 can be separated into the term that is common to both coherent and incoherent beam combination,
the second term in the summation in Eq. 8 term that gives rise to the interference and is unique to the superposition of coherent beams,
this is the coherent interference term that gives rise to intensity fluctuations in the illumination pattern. In the absence of phase modulation, ΔI Ave represents the change in the measured intensity as the optical phases are varied. When the modulation amplitudes for all of the fields are set equal to zeros of the Bessel function of the first kind of order zero, and the field amplitudes are all equal, then it is possible to find sets of modulation frequencies where the detected intensity fluctuations due to interference between the fields is indistinguishable from an incoherent intensity pattern. Under those conditions, ΔI Ave , the second summation in the integral in Eq. 8 averages to zero, leaving only the incoherent term.
As a convenient metric for evaluating the degree of apparent coherence, we define the Apparent Coherence Factor (ACF), as the ratio of the maximum magnitude of the interference term as the optical and RF phases are varied, ΔI Ave_max , to the magnitude of the incoherent term The ACF for perfectly coherent fields has an upper limit of unity while the ACF for perfectly incoherent fields is zero. The ACF defines the worse case performance for a given set of modulation amplitudes, modulation frequencies, and integration time.
Substituting for I Ave_Inc and Δ I Ave in Eq. 11 using Eqs. 9 and 10 we obtain, (
where the apparent coherence is the coherence averaged over a the time interval, τ. When there is no RF phase modulation, the ACF is zero for perfectly incoherent light and has an upper limit of unity for perfectly coherent light. Ideally the ACF is independent of the optical phase differences and the RF phase differences, indeed these conditions exist for a two leg system. However, for most multi-phase modulated systems, it is necessary to use Eq. 12 to calculate the ACF. A worse case value for the ACF can be calculated for a given integration time, τ, RF frequencies, ω RF-i , and phase modulation amplitudes, β i. Calculating the ACF for all possible values of the optical and RF starting phases will give an upper limit on the Apparent Coherence Factor.
The experimental design parameters that are accessible for minimizing the apparent incoherence factor are; the phase modulation amplitude, β i 's, the phase modulation frequencies, ω RF-i 's, and integration time, τ (though in practical applications τ is less likely to be an adjustable parameter than frequency and beta). Thus, the intensity fluctuations due to coherent combination can be minimized by adjusting those design parameters to minimize the apparent incoherence factor, ACF, in Eq. 12. Then Eq. 12 can be used to place an upper limit on the residual intensity fluctuations due to interference effects.
2 Legs -One Leg Phase Modulated & One Leg without Phase Modulation
The apparent coherence factor for a two leg system excited by a common coherent source, with one leg phase modulated and one leg unmodulated, can be calculated using Eq. 12 by setting N equal to 2 and β 2 equal to zero. It is important to note that the two leg system is the only apparent incoherence method system where optimum performance can be achieved without phase modulating all of the legs. Then, for this two leg system, Eq. 12 simplifies to, 
The denominator represents the incoherent field addition, while the numerator represents interference effects. To minimize the coherence effects the experimental parameters must be adjusted so that the ACF is within acceptable limits. Ideally, the ACF should integrate to zero for arbitrary optical phase differences, φ 20 -φ 10 , and for arbitrary RF phases, ξ RF-1 . Thus the ideal situation occurs when the numerator of the ACF is zero,
,Eq. 14 where φ 0 = φ 20 -φ 10 combines the two independent optical phases that can vary from pulse to pulse and ACF Num represents the numerator of the ACF. The numerator of the ACF is proportional to the interference effect amplitudes, therefore when that is zero the interference effects are eliminated over the integration time of the detector.
Solely for the purpose of teaching the principles of the Apparent Incoherent Method, a few simplifying assumptions will be made. Assuming that field amplitudes are square pulses in time, the detector integration time is greater than the pulse duration, τ, and that the pulses from the different path lengths are temporally synchronous, so that 
Replacing the time dependent terms in Eq. 16 by their respective Fourier Series Eq. 16 can be written in the following form, 
For the superimposed pulses to appear to be incoherent for every pulse regardless of the optical phase difference the integral of each individual term of Eq. 17 must integrate to zero. The other possibility is that individual terms are nonzero but cancel each other. However, that is not a general case because φ 0 and ξ RF-1 are random phase terms. If there were nonzero terms that did cancel each other it would partly be a result of these random phase terms, meaning that the next time the experiment is carried out it would be very likely that new random phases would be encountered, eliminating the cancellation. In the worse case, the fringes would blink on and off from pulse to pulse.
Experimentally, one would want to impose conditions that made each individual term integrate to zero regardless of the random phases. Two parameters in Eq. 19, are easily controlled experimentally, β and ω RF-1 . The only means of zeroing the non time dependent term in Eq. 17 is to set β equal to a zero of J 0 . Ideally the integral of the other terms in Eq. 17 should also be zero. Rigorously, this means that conditions must be adjusted so that the following equalities are true, 
Finally, in practice it is not necessary for the ACF to be zero in many cases an upper limit of 0.5 may is acceptable. Therefore, the exact phase modulation amplitudes and the exact phase modulation frequencies listed can be varied and evaluated using Eq. 12 to calculate the worse case ACF for the system of interest. While the example above was analyzed for a square pulse, it is also possible to adjust the phase modulation frequencies to provide excellent cancellation of the interference for other pulse shapes.
In the more general case for arbitrary pulse shapes and non-ideal values of β and f RF-1 τ, 
Multiple Legs Phase Modulated
The apparent incoherence method can be applied to any number of legs, where the numbers of legs that can be combined are limited by the range of modulation frequencies that are possible with the phase modulators used in the implementation. For optimum performance each leg, should be phase modulated with the modulation amplitude in each leg should be equal to a zero of the Bessel function of the first kind of order zero. The design of a multiple leg system, including the two leg system with two phase modulators, is accomplished by adjusting the phase modulation amplitudes, β i 's and the modulation frequencies, ω RF-i 's and the integration time, τ to reduce the ACF max to be less than the maximum acceptable, ACF design , for the application of
interest. An upper limit on the ACF can be calculated for a given set of β i 's, ω RF-i 's and τ by evaluating Eq. 12 , for a given set of experimental parameters can be determined be evaluating Eq. 14 for all possible values of optical and RF phases and noting the maximum value of the ACF as the phases are varied, ACF max . Then as long as ACF max < ACF design that set of parameters will not exceed the design specification. Note that while optimum performance may be achieved with the phase modulation amplitudes set equal to a zero of the Bessel function of the first kind of order zero, in practice the specified performance may be achieved at other phase modulation selections.
Experimental Results
Experimental results were obtained to verify the apparent incoherence method. The intensity interference of a single pulse from a two leg system, where one leg is modulated, is measured.
The ACF metric, defined in Eq 13 is used to compare measured images and theoretical data.
A theoretical curve is generated by plotting ACF, Eq 15. The modulation amplitude is set The experimental images were taken with a triggered camera, such that one pulse is captured during the integration time of the detector. The captured image is the intensity time averaged over the pulse duration. The random phase fluctuations in the ACF calculation are accommodated by a changing optical path length consistent with any non-stabilized bench top setup. The starting phase of the modulation is also left to be random. ACF is calculated using Eq 15. Figure 5 below is a plot of the theoretical curve and typical experimental data.
Conclusion
We have demonstrated the incoherent combination of a pulsed laser system with specific application to free space optical communications. The effect of sweeping interference fringes, caused by scintillation, across a detector decreases the likelihood of signal intensity fluctuations at the optical receiver. In this experiment we demonstrate a successful result for 25μsec pulses at a very low PRF. However, COTS LiNbO phase modulators with modulation capabilities in excess of 20 GHz are readily available allowing for this technique to be used in the nanosecond pulse regime. 
